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This rtu^ ssftRiinsd ths s££oct oi iulfur-eontminlag 
conipoiinds on ths storsgs stability of Jst h turbins :^sl» 

It vfas found that alXyl sulfides and disulfides increased 
the fuel's stability While al3 thiols and thiophene deriva- 
tives tested decreased fuel stability (increasi^ deposit 
formation) at temperatures and sulfur concentrations selec- 
ted. 

Linear Arrhenius plots of sulfur-splXed fuel samples 
demonstrated that deposit formati<^ decreased with increased 
slope for all alkyl sulfidest alkyl disulfides^ thiolsr and 
thiophene derivatives. A plot of Insoluble deposit vs. 
concentration of added alkyl sulfide produces a negative 
slope. It appears that the inhibiting RAchanioR for alkyl 
sulfides is a result of the compound's reactivity with 
intermedin soluble precursors to deposit in the fuel. 

> A method of approximating the relative basicity of weak 
organosulfur bases was developed via measurement of their 
resonance chemical shifts in proton NMR. Linear plots of 
log gm. deposit vs. change in chemical shift (shift differ- 
ences between sulfur bases neac and complexed with I 2 ) ware 
found for alkyl sulfides and alkyl thiols. This suggests 
the possiblity that increased deposit formation is dur to 
base catalysis with these compound classes. 
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Sttlf lar in Fuels 

The current fossil fuel suj^ly pattern lias en^kened U 
national recogniticKi that coal and oil shale increasingly 
will become major suppliers of erer^ in the United States 
for at least the next several decades ( 1 ) . Total sulfur 
content in oil shales is comparable to values measured in 
crude r»ils from many of the producing countries (2). 
Robinson and Dinneen list sulfur percent (by weight) in 
several typical shale oils, a few of which are reported in 
Table I (3) . Also shown in Table I are several ex 2 unples of 
coal syncrudes and their sulfur content. Lower percent 
sulfur values with coal syncrudes shown are primarily a 
result of the removal of sulfur by hydrotreatment processes 
(4,5). Crude oils vary in sulfur content from less than 
.05% to more than 14%. However, relatively few produced 
crude oils contain more than 4% sulfur, and most oils con- 
tain from 0.1% to 3% sulfur (6). Smith reports that the 
average sulfur content of crude oils based on 9347 samples 
0.65% by weight, but that this would be considerably 
higher if many of the high sulfur crude oil (>1%) reserve 
supplies were included in his sampling (7). Indeed, ever 
since the discovery of ’’sour crudes" in Ohio during the 


USk 

Colorado* Gram River shale* 
Bbcene 

0 .8 

Australian 

Glen fia^s* fteroeene s^alc* 
Permian 

0.6 

Brazil 

Tr^neiiA>e '-'^ubate * Ter t iary 

0.7 

France 

Autun* St. Hilaire, Permian 

0.5-0. 6 

\fffest Germany 

Ffessel * Eocene 

0.6 

USSR 

Estonia* Kukersite* 
Ordovician 

1.1 

USA 

Western Kentucky Coal Syncrude 

0.08 

USA 

Utah Coal S'mcrude 

0.03 



probI«ffl8 caused lay sulfur content . 

Considerable research into the causes and effects of 
fuel deterioratic»i at storage temperatures was initiated 
during the time period from the 1920 's mtil after the 
Second World War. Hydrocarb<m fuels were found to deposit 
gums that coated the walls of storage containers and also 
formed particles suspended in the fuel itself. Following 
the war, petroleum corporations were foiced by d«aand to 
blend straight-run middle distillate fuel with catalytically 
cracked fuel . Ihis led to problems resulting from the form- 
ation of sludge and deposit particularly in blends contain- 
ing components derived from high-sulfur crudes (8) . 

In 1948 the American Petroleum Institute initiated 
Research Project #48 to study "The Production, Isolation amd 
Purification of Sulfur Compounds and Measurements of their 
Properties." This study included analysis of the structures 
of organic sulfur compounds that comprise the sulfur in 
petroleum (9) . 

Sulfur's Participation in Fuel Stability 

There has been an increasing interest in the participa- 
tion of sulfur compounds in the "stability" of both petro- 
leum and coal/oil shale derivatives. All uses of petroleum 
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pfodueta aa jgi^gy aour^g^ re quire c ombina tion with oxy- 
gen* Potroleiaii chendsta apei^ conalderable tine develq^ing 
methou^i to circumvent the attack of oxygen prior to 
coRd>uation« i.e., increaaing the atability of fuels. The 
degradation of fuel due to the attack of oxygen results in 
the producticMi of insoluble gums, %diich in turn leads to 
numerous undesirable results. In the case of gasoline, 
carburetor clogging, inducticm system deposits, valve 
malfunction, and piston/crankcase fouling are a few such 
results. Also the octane nun^er of gasoline is reduced 
through the formation of peroxides, initial products of the 
reacti(»i of fuel hydrocarbons with oxygen (10). In the 
field of lubrication, oxygen attach produces acids in 
lubricating oils and breaks down grease structure (10). A 
roost vulnerable part of the jet turbine engine is its fuel 
system with its sensitive filters, nozzles and other regions 
of limited dimensional tolerance. Particulate matter in fuel 
resulting from fuel instability in these areas cm be nK>st 
detrimental to jet engine lifespan (10) . 

The general study of fuel stability is complex and many 
of the reactions that contribute to instabilty remain unin- 
vestigated. When considering the stability of fuels, the 
term "storage stability" refers to a fuel's ability to re- 
sist autoxidatlve reactions while it is in a storage facil- 
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1ar^«gi n * d M a fcf l-m — 

sbility to riiilot OhMilcal aafradatlofi iiAi^ila ia ^v&ron* 
m*nt of an Qisaratliif i»ifin#* A»aoxi4bialv« raaeticNfta l^ve 
b 0 «n ttioorisod to l«i^ to th« iotmtion oi da^iiti in fual 
(10) . During oarly 1950*i« n SMt inyoiti^ittontt^ 
madte concorning tl» stora^ stability oi diaaal fual and itii 
relationsbip to tha sulfur cx>ntant of fual. ttowavar* %fith 
tha axeaption of the thiols* little is known ab^xt tha ae* 
tual eontriliHiti^ of sulfur oon^unds to fuel stability cht 
instability (11,12*13*14*15). 

Sulfur is the third most abundant atomic constituent of 
crude oil* following carbcxi and hydrogen (2). In most crude 
oils* hydrogen sulfide and elemental sulfur are very minor 
constituents of total sulfur content. Most sulfur is in 
organic coiAbination (i.e.* bonded to carbon). Although more 
than two hundred individual sulfur con^unds have been sep- 
arated and identified in crude oils* most are reasonably low 
molecular weight compounds. Many sulfur compounds in crude 
oil still remain unidentified . Figure I shows the general 
structural formula of several sulfur classes found in petro- 
leum. Crudes that contain greater percentages of mercap- 
tans/thiols are often referred to as "sour crudes". Thiols 
and disulfides are usually minor ccxnponents except in »onm 
lighter oils. Oils are often classified as light or heavy 
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Claaa Hmb» 

Mlf IdM 

l 3 iiratif£ 4 MM 

Aliptiatie FolFSulfidM 
M.iphatic thiols 
Aj^^BStic l^iols 
thiOj^cns 

cyclic Alipluitic Suifids 


Sl;pttetttrBl Forauls 
R-4-II* 

R«SI-R* R ■ iULRyl 4^ in 
R-S^-R' ^ 

R-SH 

Ar ■ sr<»intlc 



( Tstrahydx^thi<^BlMMid ) 


tlw iMiriiltiso ei of m oil witii goo* 

mrmllf iwifiiif ftrMi »tro ^ mm MMr«4 0«««4 on ^no imfor- 
•n^ oils (li)« ‘^lols srs aors slmiiidsnt in l#f l»oiIiiif 
f rseti^ss ^htsfi sost othsr Mlfuir co^^nf t^^s* Mist 
t)M sulftir in en^ oils occurs in C-S-C 0<Mtdiil^ in ii^^cli 
ths carbon at«Bs my ba either saturated (aliphatic) or 
unsaturatM (arc^atic)* ar^ this thrmi atosi gr^pi.ig nay ‘ds 
either cyclic or i^elic. Thiaeyeloalhanes are usually l^re 
abundant than thiaalkanes. Rii^ systens coticainii^ sulfur 
occur as a variety of five and six menbered ring deriva- 
tives. The aromatic thiophene ring is abundant as part of 
ccxaplex ring systems such as bensothiophene* dibensothio- 
phene, etc, but thiophene and simple alkyl thiophenes also 
occur. Most sulfur occurs in high boiling and/or residual 
fractions. Few compounds have been separated and identified 
frOTi fractions boiling above 250 *C (17,18). 

Thompson, et al. found that free sulfur promoted insta- 
bility in stored fuel oils (19) . Additionally, it was found 
that thiophenes, aliphatic thiols and sulfides had little 
effect vhlle disulfides, polysulf ides, and particularly ben- 
zenethiol (thiophenol) were effective in forming deposits 
(19). The tert-aliphatic disulfides were determined to be 
more deleterious than normal aliphatic disulfides. For 


^- 250 $ 


wm ^ni to te laoro potent e^iaiKtt pro4neere ttu» n- 
eiifMstie Mnttifl^en* fhle %iee tiunt^t to be aue to 


a^reeeinir •olubiii^ of dieulfldee with inereeeing 
noleenier weight (19) « It ehould be pointed but thmt the 


reinlte of these investigations on stored fuel oils ware 
stained by i^ihing emples with selfor e^ti^ntrations 
greater thui lOiK) ppR in «ti ao^lerated stor^p teat at 

Wallace claims that the most deleterious sulfur com- 
pounds are elemental sulfur* thiols* disulfides ai^ polysul- 
fides. Disulfides reportedly form intermediate free radi- 
cals that deccMigmse to more reactive sulfur derivatives such 
as thioaldehydes (18) • *nie participation of thiols in the 
instability of petroleisn fractions appears to be the best 
understood reaction* Thiols are readily oxidised to thiyl 
radicals (see Reacti<m #1* Figure II). These radicals in 
turn form disulfides* add to diolefins and roonolefins to 
fonn hydroxy sulfoxides* and initiate olefinic polymeriza- 
tion reactions* These reactions are accelerated by light* 
heat* hydroperoxides* and trace metals (18*20*21*22*23*24). 

Ihe processes in vAiich diesel fuels form deposits dur- 


ing storage have been explained from two points of view. 
Elmquist claims that stability is affected by the presence 
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Qi >a«ily me&imtie ^gdree^gbeii#^ >i\d OKy- 
9 «n* This th«ory it bated upon Kh«r«t^*t mtchtnian for tb« 
CKSOtldaaiem of oiefint and tulfur containing compoundt {8oa 


Fi^i^ ZI) (3l»2S)« CIifi3t«tit»Mrd tbvsrltat that inttabillty 
it dM to autoa^<Mion fotMid Hmk iXm i^roearii^ 

oaiipdfiantt in t)M ftMl and ttrair rtaalting raabticA t^th 


tulfur, ocygtn, aiul nitrogen c«^oundi <26) • 

Schumrtt, at al. reported the effect of tulfur com- 
poundt on deposit forntation in cracked gatoline. It vat 
dtttncinad that c<mpoundi including btnstnethiol, l-hexane- 


thiol, n-butyl sulfide, and n-butyl disulfide accelerated 
the formati<»i of deposit. In these tests, 0.5 volums per- 
cent radioactive-labelled sulfur compounds vare utilized at 
a storage temperature of 110*F for periods of up to sixty- 
four days. It vfas notsd in these tests that sulfur levels 
were higher in the deposit than in the fuel sample (27,28). 


Storage Stability of Jet Fuel 

Little work has been done on the storage stability of 
jet fuel . Elemental analysis of jst fuel deposit formed 
during storage indicates an increase in weight percent ni- 
trogen, oxygen, and sulfur as conqoared to their concentra- 
tions in the original fuel solution. Taylor reported that 
jet fuel insoluble deposit fonrad in the presence of oxygen 


in t:N» £a#i It !• tMiit 

to iar 9 « In <»cyfM ^ittnt ^fit fyml 

probably ofidar^^s oxldatl^ as an Inltiai stap t^^mrd 
dapoait fomatitm . Carbon to l^ro^ati ratioa datarminad 1# 
alaflMntal analyaia anggaat tiiat nai^ are^tloa otbar 
unaaturatad coiqpomnda) ara baing ccmeantratad in tha ^U^oait 
(29,30/31). 

dclinaon, at al. (32) taat^^ tha a^rafa atabillfy of 
JP3 and datarmlnad a ralationsbip batviaan fual atauxlity and 
tha rafining inrocaaa. It waa found that tha ^al atability 
Incraaaad in tha ordart thannally*crackad, catalytically- 
crackad and straight-run. Furtharim^ra, tasta wera run by 
adding polylsulf Idas, aliphatic nwrcaptans, and banzanathiol 
to JP3, and a ralativa ordar of incraaaad rata of dapoaitlon 
waa found to ba in agraamant with Thonpson's findings 
(19,32). Sinca jat fuels overlap tha boiling range of both 
gasoline and distillate fuels, it would ba expected that the 
influence of composition on storage stability would assume 
some of the characteristics of both. The sulfur distribu- 
tion (%weight) in various types of gas oils ware found by 
Nixon to be I strai^t-nm - .39%, catalytically-crackad - 
.78%, and thermally-cracked - .98% (33) . Thus it appears 
that increased sulf*n, content generally corresponds to da- 
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gimiRg lit lOiftr>«ch*R Mwehm ittm for Oo-oxi(Satl«i cf Oloflho 

vltii Solfur*<otttRljiiii9~^^ii#e«»firTnrr ~ 


U -► Og ♦ m* 4- 

2) aoj' ♦ Rsa * !»• ♦ H2«2 

31 -ai* ♦ R*(is(^n)ai* 


4) 4 O2 ♦ RMa^R2)cao2* 

5a) R*(^H2)C^2* * R'(RSCa2)OR32^ 

6 a) R*(RSCH2)CH02H <*> R*CH(0H)CH2SR 

I 

O 

and/or 

Sb) R’(RSCH2)CH02* R‘CRSCH23CH0* 

0 

6b) R'[RSCH23CH0* * RSH ♦ R'CH(0H)CH2SR 4 - RS* 

% N 

0 o 

(hydroxylated sulfoxide) 
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crMsing^torttfi^Tl^nityV ~b» i »t» d th te t — 

ol«fiiw tilm follow iAm •mm or4«r as listod solfiir 
distritMtion . 

tisr* currant atudias have ba«n ooncarnad %d.t1i tita af* 
facta of organoaulfiar c<^poundto on ttia atabiXity of jat 
fuala. floiMverf ^ain, it aust ba noti^ that invaati^atona 
hava baan raatrlctt^l to hi^ cmcantrati<H» of addad aulfur 
co^XHinda in auipl^a* «id in tlM following easaa* taata »da 
of tbaraal stability. In 1967 Taylor and Mallaca raportad 
that 1000 ppm ml fur ccmcant rations of pura organosulfur 
tionpounds markadly influancad tha rata of daposit formation 
from acsantially sulfur-fraa hydrocarbons at <^450*F in tha 
prasanca of oxygan. They found that tha selactad thiols, 
sulfidas, disul£id«» and condansad thiophanas iStich in- 
creased tYw rata of daposit formatior. dacOTipoaad into radi- 
cal fragmnts undar tha conditions stud* ad. Thasa radical 
fragmants inltiatad conplax, fraa-radical autoxidatir reac- 
tions that lad to tha formation of deposits (34) . During 
tha mid 1970's Taylor published additional findings of tha 
affects of trace impurity sulfur compounds on tha rata of 
daposit formation in daoxyganatad jet fuel. One of his 
axparimants, run with 3000 ppm sulfur addrd at </'S40*C in tha 
prasanca of lass than 1 ppm 02 » resulted in higher formation 
rataa with sulfides, diaulfidaa, polysulfidas and a thiol. 
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Go^pwiiid* Sid not ^Shm 

deposit tm%t* Tmfl&c sw^^ted tlwt t«e distiiHJt MKi>^is« 
^eooesMS oc^t in Ml deei^^MMi%i^ l^is* 

One Mc^Huiian to ^^siiiMMt in m Im 

sted snsiiTMietttf Ml IdM in s Mpti Mipeffn^wre Moi^* 

^»t«i oo^itioR C3§t3d)* 

Bn— ftitalyis «sd f^sl Stsbiiity 

O— Ix^ortnnt o— siderntiM in imdnrntipuadin? th« mttmet 
of individMl or^uM^ttlfisr oo i ^pewn^ on d^enition rmtm in 
Wlwtiinr tMrn — iots n d^nndnncn of dt^osit forantion i^n 
thn bn— ntrnn^^ of ttm Worncnll cMOloded that 

nany nitrogen oo^oundn — eelerated ^e for— t ion of ^^sit 
in Jet A and diesel fuel throu^ ba— catalysis (37). It 
%#ould thsrer«:«re be significant to determine %diether similar 
results might occur with certain orq^noeulfur ccm^minds 
since they can function — Ltwis bases via —Ifur nonbemding 
electi^ pairs. 

The organic sulfides# disulfides# thiols# and thio> 
phen— are extremely — ^ bases. The basicity of such com- 
pounds is nonaally measured in terms of the Ka or pKa of 
their conjugate acids. For example# in the case of thiols# 
the conjugate acid/base fsiir is ahovm as follows i 


cwpcwaa ^ ia tmpui 

a^ltiR of many mtSt or^aoiii&]» 9 oa laoMii oiro mmUMm* 
Hoiiovor* «Kdi data ara m%. awiilaUlo for vMdwr 
attlfttt baaaa. 

An attanpt to ■Mooro ^la iNMiieity Ca iMHiawNi atf ayl<- 
ftit*a noR-'te^iag alaetroR ]^air iloaatlfif id^ility]^ ^ mm of 
tlia thiola aad diaolfidas aaa oada toy Amattf at al. «ia 
solvant aiKtraction and OhroMtogta^y* Md toy 8^»rsano* 
at al. tming caiolaar nacpiatic i^ao^inca t^ini^Mt 
(38,39). Unfortmiataly, virtoally all raanlta liaaa toa«i 
affaetad toy tiM fact that tha ooi^mtnda oEt^ ^raoB^Ksaa 
daring protonation (40). ScorraiK>, at al. atodiad tha 
daccmpoaitlon caactiona axtanaivaly and it is Ms <»rraKt 
baliaf that it is not possitola to datarndna raalistie 
absoluta ^Ca valuas for anrcaptans and disulfidas 
(41,42,43). In 1973 Amatt at al. davalopad a plot of ral- 
oriraatrically dataminad haats of protcmation in Hso^r 

varsus tha fair raliably known aquaous pKa valuas ptavioualy 
dataminad for pacific sulfidas. A fair linaar corralation 
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— ^ BXPBRlHEIITMi 

Py6pi3eat.ioa and Reagents 

Jet A tarbine fuel was acquire during previcnie re-* 
searcb from the National Aeronautics and ^ace Administra- 
tion Lewis Research Center. All accelerated stora^ tests 
were made from the same originally acquired sampl^e of fuel 
stored at 4*C. n-Ethyl sulfide* n-butyl sulfide* n-pentyl 
(amyl) sulfide* n-butyl disulfide* n-pentyl (amyl) disul- 
fide* isopentyl (amyl) disulfide* 1-propanethiol* l-butanSi- 
thiol* 1-pentanethiol * benzenethiol (thiophenol) , p-toluene 
thiol* 1-naphthalenethiol* toluene-3, 4-di thiol, 1-benzothio 
phene (thianaphthene ) , dibenzothiophene* amd tetrahydro- 
thiophene were purchased from Eastman Organic Chemicals of 
Rochester* New York. Tetrahydrofuran (THF) and iodine were 
acquired from the J.T. Baker Chemical Conpany of Phillips- 
burg* New Jersey. Tetraunethylsilane was purchased from 
Norell* Inc. of Landisville, New Jersey. All chemical com- 
pounds were utilized as received in unopened containers as 
purification was not found necessary. 

Jet A fuel was filtered through a fine sintered glass 
funnel prior to use. Tetrahydrofuran (THF) was distilled 
over lithium aluminum hydride (LiAlH^) prior to use. 
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tteasutement of Insoluble Pu<ii Dcpoaiit 

The "slip" technique developed by Wbrstell during his 
Studies with heterocyclic orgsnonitrogen conqpounds wss util- 
ised to deterfRine the aorount of insoluble fuel deposit 
formed vrith each tested sample of Jet A fuel (46), Aliquots 
of 10 mis of Jet A fuel were volumetrically pipeted into 
standard 4-ounce Flint-^lass containers of 147 ml capa- 
city. Although these containers were in fact a soft glass, 
and soft glass has been shown to have an inhibiting effect 
on the degradation of irainy fuels, experimental design of 
this research was oriented toward the measurement of rela- 
tive fuel degradation of samples. Ihus, the inhibiting 
effect may be considered non- consequential within the fraune- 
work of these experiments (46,47). All glass containers 
were cleaned for 48 hours at room temperature in a chromic 
acid bath and then placed in sodium bisulfite solution for 
24 hours. Containers were then rinsed repeatedly with de- 
ionized wav.er emd dried prior to use. Worstell experiment- 
ally verified that this cleaning process has no siginificant 
effect upon the accelerated storage test aging process of 
Jet A fuel (46) . 

Glass microscope coverslips of 324 nm area were tared 
and one placed in each container with the fuel sample. 
Standard TOF solutions of tlie various sulfur-containing 
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compounds w«r« prepared. *nia8e eoiqpQunda vMira ior tha moat 
part aaiaetad bacauaa have boiiiim polnta ^P^twer tium 

tHa taii^ratura at idiich acoalaratad itoraft tMti 
conducted (fame II). the volume of organotuififit eonpouErf 
corresponding to 10 ng sulfur/ml ^el vas ^osen tot Kinetic 
experiments because it provided a reasonable amc^nt of de- 
posit being formed %d.tbin the temperature and time condi- 
tiotm selected. Liquid sulfur compounds were added neat* 
except in cases Where spiking amounts were less than <xie 
microliter. In these cases* a soluticm of the con^und in 
the TOP was utilized to increase spiking reproducibility. 
Previous research by Dahlin dononstrated that THF in Jet 
fuel in a ratio of It 10 has no effect upon the rate of 
deposit formation. As mentioned previously* the formation 
of peroxides is felt to be an intermediate step toward the 
formation of gums and deposits in fuel . Althou^ THF is 
easiy oxidized to it's hydroperoxide* its rapid vola- 
tilization from fuel solution at temperatures tested prob- 
ably accounts for the lack of effect (46,48) . The amount of 
THF utilized in seunple preparation of organosulfur compounds 
was considerably less than that demonstrated to have no 
effect (48). For these reasons it is believed that addition 
of THF to fuel seunples has no effect upon experimental 


results . 



TABLE II: Organosulfur fixing Con^HJunds 
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Triplicat* of aaeli tKrfatioaulfur 

•Mq^lo weira pn^rod in tliis nannar* Am Flint'<* 9 laaa 
tainara %iaira ^il^«liiM4 HM j^i^ad ia a 

tHaifiaPitaaai ovan at aoMaataet tai^afatarM aalaotad la ttia 
wmtk^* At tHaaty-fQur hour iatarvala* w^laa 
iMira gMo^ ad ffOB tte o^»i , tAa TOiniralifa wa^ axtjtaotad 
with forcipa &tk& driad tmdar a infrarad Imp for IS 
minutaa to inaura total liquid avaporation. Thm fuel 
safiqplaa %Mra o^nad in this mannar a^ry t%Mnty-four h^rs 
and axpoaad air tor an aqual astount of tima in ord«r to 
raplaniah tha oxygan availaola within tha cOntainara. Tha 
driad covaralipa %i^ra than waic^ad on a Cahn Modal 4700 
alactrobalanca . Thia procedure %«aa carried out with tha 
final weighing being made at 168 houra (seven days). 

Datarminatlon of Stabilizing/Destabilizing Effect of Salfur- 
Cont.aining Ccanpounds 

Individual organosulfur compounds including aliphatic 
sulfides, aliphatic disulfides, aliphatic and aromatic 
thiols, a di thiol, and thiophene derivatives, ware added 
individually to 10 ml samples of Jet A fuel at a total sul- 
fur concentration of 10 vg sulfur /ml Jet A Fuel . Solid 
sulfur-containing compounds were dissolved in THF. Liquid 
COTipounds were added neat, except in cases vfriere spiking 



Iwrtiiiy t h«n o t w mtcgellf r in < <h l c h - aa — a aolu* 

%idA tlia coiiffowid in tlm i«i pm^rcd to ineroaio 

r^rodnoibility • All nm^ploa. ^*«^arod in tri^ 
licait«ft Tha sai^laa vora inoubatad at 13f*€* Coyarali^ 
wara ranovad av^fy ^ tioiira and aai<g|^«d « Iba «^«riawit tMtt 
tarMinatad at 1^ tiours. 


Baraiwfiathiol (tbio|dMinol) and n-batyl aul£i4a aara 
addad tio 10 mla o£ Jat A £ttal* Tba aulfa^ coReantratiwia o£ 
aan^laa %Mra aat at 10 « 100, 500, and 1000 aaltur/ml 
£ual* All aanqplaa ware run in triplicate. Samples %^re 
incubated at 121 *C %dlth the es^riment being terminated at 
168 hours. 


Dependence of 


>sit Formation upon Tmmperatura 


Individual sulfur compounds %»are added to 10 mis of Jet 
A fuel at a concentraticm of 10 ug sulfur/ml fuel . Tripli- 
cate samples of each solution were incubated at 121 *C, 130*C 
and 135*C. Coverslips were removed and weighed at 24 hour 
intervals and the experiment was terminated at 168 hours. 
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T-2S03 

Dtp<tndtnc» of D«o«it FQrmation upon 

Rtoult# from aee«i#r&t«d ftorag# t««t« at 
dttcribtd at 131^ mrA 135*c, and 10 v 9 talfur/nl Jat h flml 
addad aart ^ilia^ to dtotamliia idiatliar a dtepwndanca of 
dapotit fomattOB apon baaa ttran^th axiat^* 

In apdta of Idia pfavitMialy idantifiad olMfaolaa to 
datamining attoluta valuta of baaieity, a if-ai.ative ordar of 
baalelty d^ivalc^ad for aalaetad organoaulfur aplXing 
ocM^ounda. lla^t 4Mu^^laa of liqiLld. aliphatic aulflda^ di> 
aulfidaa and thlola/Mrciptana wara analyaed on a Variin iH 
360 ( 60 Itia) prot<m KMR utllialng a 10% intarnal tatranieth* 
ylsiXana (TMS) rafaranca. Naat liquid samplaa of thaae 
COTipounda vrera than complaxad with excess iodine, and again 
run under the same randitions on the proton I9fR. Ihe IMS 
reference peeOc %ns superimposed with the TMS peal; of the 
naat uncanplexed plot# and the resulting difference in pro- 
ton resonance chemical shift was measured. The single meth- 
ylene group measured furthest downfield (greatest deshield- 
ing) was selected for standard shift measurement of each 
compound tested * 
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RE SULTS A ND DI §CUS8I0tl ^ 

' K 

P<te€r«inatioii Of 8tabill*lft4i/Psst.ibiIlsiftq 

Csatalnitw Ccwwpouii4hi 

Mil ie»i^ to bi i foaiibii iwiHod 
for miiittirl^fit Intoli^li 4i|ioiit bioitiio 

depot it that la produced adheres to the glass osver slips at 
the tmg>eratures and sulfur concentratioiMi tested. 

Results of accelerated storage tests run on all orgai^- 
sulfur cteipounds (10 vg sulfur/ml fuel) demonstrated that 
all sulfides and disulfides inhibited the rate of deposit 
formation and that all thiols /n»rcaptans and thiophene deri- 
vatives Increased the deposit rate. Table III and Figure 
III show that deposition rate appears to depend upon the 
class of sulfur compounds . Values of triplicate sample 
deposit weights are shown in Appendix A. 

Dependence of Deposit Formation upon Sulfur Concentration 
The dependence of deposit formation upon concentration 
of sulfur added to Jet A fuel is reflected in Table IV and 
Figures IV and V. Values of triplicate sample deposit 
weight are shown in Appendix B. Assuming that the amount of 
deposit Is directly related to the specific rate constant 
for the rate deicermining step, the slopes of the lines on a 
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FIGURE V 

Effect oi Added Sulfur Concentration 
on Deposition Rate 
(n^BUtyl Sulfide. 12i®C) 


• CONTROL 

^ SULFUR/mi FUEL 
■ 100 iig SULFUR/ffll FUEL 
o 500 |ig SULFUR/mi FUEL 

* lOOOiig SULFUR/ml FUEL 



10 30 SO 70 90 110 130 150 170 

Tlme(hrs) 
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deposit versus sulfur eondsntrstioii plot lAicmld rafiset ths 
ordsr of tbs rsaeticMfis %ritb rsspset to tbs sulfur oon« 

obtsinsd for bsnSsnstbiolf a conpound that bas bs«fi sbowfk to 
Incrsass dsposition rats and n*butyl sulfids, a coi^und 
tbat bas bssn sboiin to bs a dsj^Sit inbibitor. fba sl^sss 
for bsnssnatblol and n-butyl sulfids ars l.Of and >0.16 


respsctivsly • Bsnsenstbiol appsars to have a reacticm ordsr 
of (me, vdtbin the error of the experiment. 

An effort to describe the inhibit ive effect of the 
alkyl sulfides as d^mnstrated by n>butyl sulfide's negative 
slope (>0.16) cm the deposit vs. sulfur concentraticm plot 
(Figure VI) is offered. Ctoe possibility is that the sulfide 
inbibitor reacts with available oxygen in direct conpetition 
with the fuel/oxygen reaction to form a deposit precursors 


Jet A Fuel + O 2 



B 


I + O 2 — sc 
bo 

■ ■ edeposit 


vdiere B represents an intermediate or deposit precursor and 
I the inhibitor. A second possibility is that the inhibitor 
acts upon the deposit as a solvent reducing the amount of 
final insoluble product. Another possibility could be that 
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the inhibitor reacts immediately upon mixing %d.th the fu«l 
(i»e., a simple complexatimi reaction) and retard its abil- 
ity to react %dth oxygen and form tdie precursor leading to 
insoluble fuel deposit. A. final possibility is that the 
sulfide Inhibitor reacts. in a reversible reaction with the 
precursor (formed by oxidation of the fuel) to form a dif- 
ferent soluble product » thus rede available precursor 
for deposit formation. 

In order to determine Whether mechanism of inhibitor 
depletim of available oxygen is probable, the nimd^er of 
moles of O 2 and sulfur available in a closed storage test 
container were calculated. During testing the sealed 147 ml 
glass container had 10 ml of Jet A fuel and 137 ml of air in 
it. Calculations were made for 100 iig sulf ur/ml fuel, 25*C, 
and 620 mn Hg pressure. 

Number of moles O 2 in 137 ml of air: 


137 1 air x 


1 mole gas 

"24.4rf" 


X 0*20 mole Op - 
1.00 mole air 


(molar vol. of 
ideal gas at 
room temp.) 


620 mm Hg ^ 
■^60 mm Hg 

9.14 X 10“^ 


mole O 2 
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NuitiMr of moloi Mlfur In conialttiif at 100 vf S/il3 h 
luaTi 

100 wg aaifM« > ia ^ 1 f ^ 1 aoU aiafttg ^ 

I ml foal 10^ itf aiilfur 33«06 g 

3.12 X 10“® «ol4Nl S 

Tha molacular ratio of sulfur to O 2 avallabla in tha con- 
tainer is ai^roximataly .0341. thus, at a concantratior' of 
10 wg sulfur/nl fuel (tha concantrati<xi at %iAki<di moat a]g>ar- 
imental accalaratad starage teats ware «»^latad)> tha sul- 
fur vK>uld consume approximately 0.341% of tha O 2 available 
in tile container i' a reaction mole ratio of lil moles sul- 
fur to moles oxygen wls assumed. Unless one were to assume 
an extremely high oxygen to sulfur reaction mole ratio, 
there is insufficient inhibitor to effectively decrease O 2 
availability. This strongly suggests that deposit inhibi- 
tion by direct competition with the fuel for oxygen is not 
likely. 

The inhibitor reacting directly upon the fuel to retard 
its ability to react with oxygen is also unlikely, because 
it does not appear that the amount of sulfur should be 
sufficient to significantly affect the fuel/oxygen reac- 
tion. The lack of any apparent induction period for deposit 
formation with any of the sulfur-containing spiking com- 
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p^iiids ^ fiM 


not tM 4«^it 

yv^i^km fMrtBft 41^^ ^ier bo boUiii 

c^ottiiil jgaa ^itoi^3li 4MkpM&% MiWNuri^^ 

fho ftoolninf p^oibiliby Is s rssebl^ s»^isniM in 
bbicli tiMi inbibitBr rss#ui %»ith bM prseursor* A 

Xinstic dsserlj^ion of ths dspMitloii tmts of this rssotioti 
reschsnim is sboMi bslowr with K roj^rosMiting Jot h t^ml, 1 
an intsrneOiats dsposit prseursoiTr «BI t Iisin 9 tits inhibi- 
tor* 


1* A > 0>2«-MiiJL^B 


»d#posit 


2. B> 


3. B •«' I C 


To dsfins a Xinstic aquation for this machanlsn* %«ith stsp 1 
as ths rats dstsrmining btsp, assuns a atsad/ stats for Bt 


■2t»l . 0 - kiCAH0j3 - K 2 CB 3 - k3tB3Ci3 + k.j [c3 

dt 


and 


CB] - l^iCAJCOj] ♦ X. 3 CC] 

Xj ♦ X 3 C 13 

dCdSPOtit] , X2 (X]lCX3C02] *♦■ X- 3 CC 3 ) 

Xj > X 3 C 1 ] 


dt 
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this sqiistion tor th« rats of ^^iticMf 


InerMsiBg tH dwrwM. iISfflE2jJ*l • '"'i* •9»«“ *i*» HW 


rssulta tor n->hotyl sal f 14s nftileh shoi^ s M^stlirai si<^ <m 
ths dsposit vs. sulfur eoficsntrsticm plot (figuM VI). 


D«>sndsi js of Dsposlt gori»tleti mon fteB»>rsturs 

ths Arrhsnius aquation is utilizsd to sxpress ths 
dspsndsncs of rsacti<»i rats upc»i tsnpsraturs . It is 


k * ftsxp(-Ea/RT) 


Ths specific rate constant is represented toy k, and A is a 
preexponential or frequency factor, emd Ea is the activation 
energy for the reaction (49,50,51). By plotting the logar- 
ithm of k versus the reciprocal of temperature (1/T), the 
slc^ of the resulting graph is -Ea/R (enthalpy related) and 
the intercept is InA (entropy related) . 

The amount of insoluble deposit formed in 168 hours iims 
measured toy the "slip” technique at three temperatures - 
121*C, 130*C and 135*C. The same relative order of result- 
ing deposit weight %as found at all three temperatures (see 
Table III and Figure III) . The narrow range of tenqperatures 
selected was due to restrictions resulting from the amount 
of insoluble deposit formed. At tenperatures much below 


T-aS03 


3fi 


121^C» ^ to tlour it moitid 



tin« p«riod. At twi^crsttarM meA i^v« ItS^C mlidity 
of tho "•lip'* to^niqiMi it plaood in iJtoptr^ iMieauM ttiOh t 
grant «R»unt of ^potit it fOrmad that it btc<»ntt tutpandtd 
in tht bOi^ of tht Ii<taid at wall at dapotitod <m tha 
'*tlip*' * Pigura VXl thcnrt Uit affactt of t«nparatura on tha 


dapotit wai0>t in banzanathiol and n-laityl aulfida apikad 


fual at 121 *C, 130*C and 13S*C for 168 houra. Triplicata 
valuta of tanq;>la dapotit %iwl^t at all throa taaparaturat 


art thown in ^pandicat A, B and C. 

Maaaurabla dapoait was fonood by tha time that the 
first deposit measurement was taken (at 24 hour^. No **induc> 
tion periods'* (initial periods during Which deposit forma- 
tion is delayed) were observed with any compound tested at 
any temperature. Such nn induction period would be antici- 
pated if the reaction of tha sulfur cOTipounds with oxygen 
was more rapid than the rate of deposition. The lack of an 
induction period was considered to be surprising particular- 
ly with sulfides, since certain sulfides are often used as 
antioxidant additives in fuels (52). 

Bol'cTiSkov et al. tested the additive effects of longer 
chain alkyl sulfides such as octyl sulfide at weight per- 
cents of sulfur from 0.0t> to 0.2 in jet fuels. As tempera- 
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tur«i lnor«ai«d from lS0*F-300*f dopoiit vimifilt ibiliid to 
lTiteyiHfil"^52) • 

Tablo V liatt raaialtant M^unta of ^poait «t toa torM 
^oa«i accalaratad atora^a tai^ratoraa tor a msS^ of 
othar aulfur cOTij^unda. Two important aaaomptiona ara naO'^ 
aaaary bafora concluaiona can be dr aval from thaaa A^rrhanlua 
plota* Flratf it nuat ba aaaumad that thau depoalt weight ia 
related to the apecific rate of depoaition. Secondly* it 
muat be aaaumed that the rate of depoaition j'eflecta the 
rate of the controlling atep of the overall reaction 
mechaniam . 

Arrheniua plota for fuel aamplea spiked with selected 
sulfur ccmipounds and a control fuel sample are shenm in 
Figure The slopes and intercepts for all of conpound«j 

tested are tabulated in Table VI by a least squares conputa- 
tion. The slope (>Ea/R) for a reaction with a "pronoter" 
present should be smaller than the slope for a control reac* 
tion. Table VI shen^s that the thiols and thiophenes tested 
have smaller slope values than the control While sulfides 
and disulfides lave a greater slope . It can be seen that 
the slope of the Arrhenius plot for each sulfur-spiked fuel 
sample increases as efficiency for promoting deposit forma- 
tion decreases. Althou^ there appears to be a significant 
difference in rate of deposition between sulfur compound 
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TABLE Vt E£f«et« ^ Og apQttfla« m 

I k ^ 1 maltar fml g yj add^d, agtd Ifii hOttg« 


Adiii4 

m*K 



Oc^iTOl (So •pike) 

71110 

191123 

322133 

Toi«MiM-3>4 M.tlii^l 

110^0 

249129 

414142 

Dibeniotliioiaieiie 

104113 

243123 

404192 

1 -P<Ritan«thiol 

9417 

233129 

29‘^133 

p-Toluenetlilol 

87113 

«a»M» 

372139 

Mfieenetliiol 

84119 

214126 

/■••'I 

361148 

1-Eaplithaleiiithiol 

7817 


343129 

n-^tyl sulfide 

6813 

172126 

294136 

n-Pentyl sulfide 

62113 

159116 

280129 

fi'^tyl disulfide 

5516 

156113 

370126 

n-Pentyl disulfide 

4913 

133126 

248113 


i-P«ntyl disulfide 


42110 


123116 


232123 
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T ABLE VI 

Datft from Arrfiofiiua Flota 
(Least Souares Computation) 







18.S8 

23.78 

-.m3 

omnzoTfiK^^im 

18.72 

24.92 

-.9998 

AMYUMERCAPTAN 

18.49 

28.78 

-.9997 

P-TOLUINETHIOL 

18.87 

27.18 

-.9999 

BSNZENETHIOI. 

18.86 

27.80 

-.9999 

1HIAPHTHALENETHIOI. 

17.18 

28.28 

-1.000 

CONTROL 

17.30 

28.77 

-.9999 

n-BUTYL 8ULFN)E 

18.93 

27.86 

-.9998 

fi-AMYL8ULfl0E 

17.28 

28.30 

-.9998 

fi-aUTYL 0I8ULFK)E 

18.02 

30.14 

-.9999 

n- AMYL DISULFIDE 

18.82 

31.27 

-.9992 

HAMYL DmULFIDE 

19.48 

33.67 

-.9993 


I 
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3 clftMM# tlM m by ArsliMiitM y*otii 

•C« %to9WI 

Mlfeh njfeg aawi h^t#go e3^Iie eampts^nA m <ttiaal#f d 

by MstrabclI. WvxhAwsmerm, in c^itrw^ be PMoits obteln^d 
with orfaroeulfur ooBye ai i d e# Nnewbtii isund tdist bbe «lop« 
fox nitroym spik«d sampb* om blie wffieteney 

V tor pnMoting dqpoeib i«rMibl4Mi i neraar a i <S3 1 « 

It la !«d¥fmt^^OM to iavMt^^to iftthar ^la 4f#^r« 
aaca of tHa ^^poait cd^gaa %dth raap^t to tiw b«^r«tura 
at %dil^ tha ajqpaviMmto %Mra LinMri^ of 

krzhaaioa ^ottii^ .4.toia taa^<«ratiara Miaole^ 

auggaato that thara ia no aigniflcant Ohan^ in bha rtoctioa 
raachaniaa. Riotc^crograplia C4Ssl) tiara takan ot toaolubla 
dapoait fomad an glaaa co^ralipa in aavaral aoIfiir*apilcad 
Jat A fual awqplaa taatad at 121 *C aiid 135*C fyx 168 haura. 

Tha appoormnoo of. dapoait doM not appaar to ^anga 
aignificantly tilth tha diffarant tw^paratura taat condi- 
tiona . In Figura 7X and Flgura XF tto dap<»it fxom a eon- 
trol awapla run at 121 *C «id 135*C raapactlvaly ravaal 
anall, biac3c dantrltic ( thread- Ilka) narticlaa* Figura x 
ahotra tha dapoait formad in a fual aanpla qpikad with n- 
totyl aulfida at 121 *C« Tha particla fonaation ia vary 
aimilar - only ali^htly lightar in taxtura. n-^mtyl aal- 
tide apikad fual at 121*C (Figura XI) apaara virtually tha 


t 
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FIGURE X; Jet A Fuel Spiked with n-Butyl sulfide and Stored 


at 121 *C, 168 hours 



L 
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FIGURE XI: Jet A Fuel Spiked with n-Pentyl Sulfide and 

Stored at 121"C, 1C3 hours. 





168 hours 


de 



Jet A Fuel Spiked with Toluene-3,4 dithiol and 
Stored at 12*1 *C, 168 hours 


FIGURE XIII 


FIGURE XIV; Jet A Fuel Spiked with Dibenzothiophene and 


Stored at 121*C, 168 hours 


i 

I 
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FIGURE XV; Jet A Fuel Stored at 135“C. 168 hours 

□ 
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FIGURE XVII; Jet A Fuel Spiked with Benzenethiol and 
Stored at 135“C, 168 hours 



FIGURE XVIII; Jet A Fuel Spiked with Quinoline and Stored 
at 135*C, 168 hours 
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sam« a« n-butyl at ooaa tha iso-pantyl diaulflda 

spllcad aany la at. 123^*XI-4 JCIX) « — Indaad^ alXJ&heaa — 

appear much Ilka tha control with dapoait fdrming aom^at 
leas densely. Samples spiked with toluana*3>4 ^thiol (Fig- 
ure XIII) and dibensothiophane (Figure XIV) at 121 *C also 
have a similar appaaranea (fine blade particles), though 
deposit formed more densely than the control. At 135 *C 
deposit formed by n-pentyl disulfide spiked fuel sample 
(Figure XVI) is lass dense amd the benzenethiol spiked 
sample (Figure XVII) more dense than the control sample at 
135*C. And yet all photographed samples remain very similar 
in appearance. This is in contrast to the deposit formed in 
the heterocyclic nitrogen spiked samples observed by 
Worstell. S(»ne nitrogen samples appeared similar to those 
spiked with sulfur compounds and others had an amber liquid- 
like appearance within the same ten^erature range (54). 
Results obtained from sulfur-spiked samples would tend to 
support the hypothesis that the deposit does not change in 
appearance within the selected temperature range euid 
probably there is no change in the reaction mechanism as 


well . 
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D»p«ndence of D<po»it Formation upon Baae 5tr<nqith 

Proton NMR resonance chemical shift change resulting 
from complexaticm of n-butyl sulfide and n-pentyi sulfide 
with I 2 are illustrated in Figures XIX through XXII. 

The apparent downfleld change of shift refl«>jt8 the 
effect of reduced electron density (deshielding) around the 
hydrogen nucleus. In this case, the specific methylene peak 
being looked at results from the electron density around the 
hydrogen bonded to the carbon immediately adjacent to the 
sulfur atoms in each compound . 

Inductive effects result from the donation of the non- 
bonding electron pair from the sulfur atoms of indivi.dual 
sulfur spiking compounds. This electron pair donation oc- 

t 

curs as sulfur complexes with more acidic l 2 > As sulfur 
donates electrons to l 2 » its electron density decreases - 
increasing its electronegativity. Sulfur's increased elec- 
tronegativity results in it "pulling" electrons towards 
itself from the carbon bonded to it, causing the carbon to 
become more electronegative. In turn, increased electrone- 
gativity of the carbon atom pulls electrons from the hydro- 
gen bonded to it - reducing electron density around the 
hydrogen nucleus (see diagram below) . 


The fact tliat all sulfur con^unda itfars tsstad naat on 
tha RIMR may be considsrad a most significant factor to ths 
resulting chemical shift data. Results may have be«i al- 
tered to s^e degree had a standard solvent been utilised in 
Which all sulfur samples were soluble. 

The deshielding effect of the reduced electron density 
around the hydrogen nucleus registers as a dovmfield shift 
change on the INMR plot. Thus, Lewis basicity is reflected 
on the PNMR plot as a downfield shift change v^en comparing 
the neat sulfur compound and the compound complexed with I 2 
(55). Expanded sweep width (1 ppm) measurements of the 
single methylene peak are illustrated in Figures XX and 
XXII. Such expanded sweep width facilitated shift change 
measurement and interpretation. 

n-Butyl sulfide has a change in shift of 10 cps and n- 
pentyl sulfide shift dhange is 4 cps* Identical tests were 
successfully completed for all aliphatic sulfides, disul- 
fides and thiols available. Shift measurement for all aro- 
matics, though attempted, were negligible even with an ex- 
panded sweep width of 1 ppm. It is suspected that this is a 
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FIGURE XIX 

PNMR Plot of n^Outyl Sutfido Shift Change 
(5 ppm Sweep Width) 
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FIOyil€ XXI 

PNMI^ Plot of f)-Pontyl Sulfldo 
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FIOURE XXN 

PNMR Plot of o-PoAtyl SulfMo Motfiylono 
Pook Shift Chofigo 
(1 pom Swoop Width) 



T-2503 


55 


result of tho of foots of **rlng curroats”. Soeli • 

piionoMonon is do* to tim eiroulotioa of i oIoetr<»aa srcHuid 
tho <^ltals of an aromatic rii^r induead lay tha axtarnally 
appliad magnatio fiald (56) • Tha aromatic aulfur molacuiaa 
thvrafora possaaa an axoaaa magnatio auacaptibility in tiM 
direction par^ndicular to tha plaiM of tha rii^ ovar that 
parallax to tha plana (57) . Tha aacondary magnatio fiald 
diM to a rii^ currant ia oppoa^ to tha axtarnally appliad 
fiald auch that protons locatad insida tha ring ara ahialdad 
tdtila protmis outsida tiui ring ara dashiaidad* Tha dagraa 
of Shielding in dependant iqpon tha (tensity of w electrons in 
tho ring (56)* Ring currant affects offset the smaller 
inductive effect idiich may account for reducad shift change. 

Equol concentrations of sulfur (10 ug/ml Jet A fuel) 
ware utilised for accelerated £ ige tests. Therefore 
differences in rate of deposit format vnsre suspected to 
be a result of (^emlcal differences at the sulfur atom. 

With the excepti^Mi of the aliphatic disulf i<!les# the 
measured relative order of chemical shift reflects little 
disparity When coipared to a suggested ranking order of 
pKa’s (Iiewis basicity) provided by D.D. Perrin. These pKa 
values are based on analogous compounds of oxygen and nitro- 
gen, and shown in Table VII (58) . The pKa of tetrahydrothi- 
ophene ia given by Arnett et al. via solvent extraction 
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TH»I« VXli Bftcieity OrekMr vA M.ft 

NMtyiTMmui (Sill* 






n-Butyl Bulfid* 
n*ftoxyl Mlfid* 


4t«aif I4te 

n^WQS^l 


Ch— ilc«l 9ii.tt Oc^x 
[d»cr>a»itiq ^gicItyT^fer— jg^ 


T«tri^ydrotlii<^plMHM (161 
n-Bthyl sulfldq (14) 
n-Butyl mlfids (10) 
n-P«ntyl sulfidte (4) 
n-^ntyl disulfiu« (4) 
l-Pr^anathlol ( 3 ) 


B^tyl dU«al^^ m 
I*te1^ail3itol 12) 
ii^*9mtyl dimlfite (2) 
l-P*»tfta«t}iiol (1) 
Bmnsaaathiol (0) 
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methods as being approximately -5.0 (59) . Using this value 
as standard* absolute values of pka could possibly be 
assigned to all shift measurements determined . However* 
this could easily prove inaccurate . First because another 
absolute pKa value needed to standardize shift measurements 
is not available. Secondly* more recent pKa value estimates 
for tetrahydrothiophene (-7.0) by Scorrano conflict vdth 
Arnett's mesureraents (40*44). Furthermore* there. is no 
immediate need to establish actual pKa values* as shift 
measurements can reveal vdieth^ a basicity -deposit formation 
relationship exists. 

Thus* the iJtie'.city order of aliphatic sulfides and 
thiols correspond to the sequence suggested by Perrin. The 
disulfides* however, do not. If basicity is key to the 
mechanism of organosulfur compounds in jet fuel, then the 
reaction of disulfides in fuel appears to occur by a totally 
different mechanism. Althou^ the basicity of the sulfides 
and thiols appear to decrease with increasing aliphatic 
carbon chain length, the reverse appears tc occur with the 
disulfides . Without testing additional aliphatic disulfides 
it is impossible to confirm an order of basicity. 

Table VIII provides a list of aliphatic sulfides, di- 
sulfides and thiols with values of measured chemical shift 
and deposit formation in Jet A fuel at a storage temperature 
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of 121 *C for 168 hours. ’Rie dependence of deposit formation 
upm hastcity Ccheraical shift mea su r e mentV at 121*C is 41-^ 
lustrated in Figure XXIII. 

For the entire selection of sulfur bases* no correla- 
ti<xi is found. However* within the sulfide compound class 
excluding tetrahydrothiophene a correlation coefficient of 
,9944 was calculated* and the correlation coefficient for 
the aliphatic thiols was .9643. Table IX lists the least 
squares computation of slope* Intercept and regression coef- 
ficient for each ccxnpound class as well as overall computa- 
tions . 

Insoluble deposit versus chemical shift change plots of 
sulfides excluding tetrahydrothiophene and of thiols are 
consistent with base catalysis as expressed by the Bronsted 
equations if vg deposit is taken as a measurement of speci- 
fic rate. Due to its molecular structure, the reduced ster- 
ic hindrance at the sulfur atom of tetrahydrothiophene com- 
pared to alkyl sulfides may cut down the amount of entropy 
loss in forming a complex with I 2 . Such an effect would 
have resulted in an increased shift change evaluation though 
not necessarily increased relative basicity. This occur- 
rance is offered as a possible explanation for an absence of 
correlation with tetrahydrothiophene on the sulfide log 
deposit versus change in chemical shift plot. 
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TABLE VIII > Chemical S^lft Change and Jet A Fuel Storage 
Test Deposit Weight Values (121*C, 168 hrs« 
10 ng sulfur /ini fuel) 


Compound 

Deposit (ug) 

Chemical 
Shift Change 

Tetrahydrothiophene 

65±10 

16 

n-Ethyl sulfide 

70±6 

14 

n-Butyl nulfide 

68^3 

10 

n^Pentyl sulfide 

62±13 

4 

n-Butyl disulfide 

55±6 

3 

n-Pentyl disulfide 

49±3 

4 

iso-Pentyl disulfide 

42 ±10 

2 

1-Propanethiol 

100±23 

3 

1-Butanethiol 

97±16 

2 

1-Pentanethiol 

94±7 

1 

Benzenethiol 

84±19 

0 

Control 

71±10 



log ug Deposit 
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FIGURE XXIII 

Jet A Deposit Weight (121°C) and 
PNMR Chemical Shift Change 


ALIPHATIC 

THIOLS 



S- n-BUTYL SULFIDE 
AS -n-PENTYL SULFIDE 
E » n-ETHYL SULFIDE 
T« - TETRAHYDROTHIOPHENE 

BD » n-BUTYL DISULFIDE 
NAD • n-PENTYL DISULFIDE 
lAD « iSO-PENTYL DISULFIDE 

Pi - 1-PROPANETHiOL 
Bu =1-BUTANETHIOL 
Am =1-PENTANETHIOL 


1.90- 

SULFIOES w/o 



1.60 L_ .. . i. ^ . . . . . 

1 2 3 4 S 6 7 8 9 10 1 1 12 13 14 15 16 1 7 18 

Change in Chemical Shift (CPS) 


I 



I 




I 
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Publlshttd results of relative deposition rate in fuel 
oils and jet fuel spiked with sul7i^'-cdhtAinin9~e<Ki^ 
are shown in *^ble X. Ihese results are compared to deposi* 
ti(m results in Jet A fuel at 121*C-135*C and 10 119 sulfur/^ 
ml fuel. It is important to realize that though many con- 
tradictions appear the test conditions vary widely. The 
experiments with Jet A are the only tests known* other than 
Vtorstell*s, to have been completed with less than 100 ug 
sulfur /ml fuel (8). An accurate comparison of data under 
widely varied sets of test conditions is most difficult. 
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CONCLUSIONS 


In brief revl«w of resulta obtalnedt the following 
observations were madet 

1. There exists a significant difference in effect on 
deiios^tiah tati between sulfur compound classes. 

2. Alkyl sulfides and disulfides inhibited deposition 
r§ts 4-h det A fuel during accelerated storage stability 
tests . 

3 . All thiols and thiophene derivatives tested in- 
creased depofition rate in Jet A fuel. 

4. Effects were less pronounced with organosulfur 
spiked samples than with analagous experiments with nitrogen 
compounds . 

5 . No induction period was observed in deposit fozrma- 
tion for any sulfur-spiked samples at 121 *0, 130*C, or 
135*C. 

6 . The slope of increased concentration of an 
inhibiting alkyl sulfide versus deposition rate is negative. 

7. Arrhenius plots appeared linear within the 121 "C- 
135*C temperature range. 

8. Slope of the Arrhenius plots for each sulfur-spiked 
sample increases as efficiency for promoting deposit forma- 


tion decreases . 
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9. Deposit appeared ae mnall dentritic partlclee for 
all sa mples teeted at 121*C, I30*C and 135*C. 

The following conclusions are made from the acquired exper- 
imental results i 

1. The concept that the mechanism of deposit formation 
involves autoxidati<»i of sulfur reagents is not supported. 

2. Rate of deposition is a function of the concentra- 
tion of individual sulfur compounds. 

3. Rate of deposit formation for organosulfur spiked 
Jet A fuel samples decreases with increased activation ener- 
gy as related to the slope of Arrhenius plots . 

4. Alkyl sulfides and alkyl thiols influence the for- 
mation of Insoluble deposit through base catalysis. 

5. The inhibiting mechanism of alkyl sulfides is a 
result of sulfur's reactivity with intermediate soluble 
precursors to deposit in Jet A fuel . 

A great deal remains unresolved concerning the actual 
mechanism by which sulfur compounds influence ir soluble 
deposit formation in Jet A fuel . Determination of absolute 
basicity measurements of many of the weak organosulfur bases 
might provide the opportunity for greater understanding of 
the character of tne mechanism's transition state. 


Further ttxp«rim«ntation with additional alXyl diaul- 

fidaa analog<»is to thoaa c<xqplatad may provite more iatoma* 
tion idDout tha apparent meohanietic differencee %iith Which 
they influence xneoluble depocit in^ Jet A fuel . 

Accelerated atorage;. l^ete t^il^iaing d^oatt inhibiting 

'.X _. y \ 

and depoa it promoting aclfor c^p^ previoualy teated 


^9^1d be d^jpleted in the model ayat^ Of dodecane and 
tetralln developed by Vtoratell (8) . A teat of thia nature 
should provide further insight into the mechanism by vdiich 
the sulfide inhibitors retard deposit formation. 
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APPENDICES 


A. Triplicate Sample Deposit 
135*C and 10 iig sulfur/ml 

Spiking Compound 
n-Butyl sulfide 

n-Pentyl sulfide 

n-Butyl disulfide 

n-Pentyl disulfide 

Isopentyl disulfide 

1-Butanethiol 

1-Pentanethiol 

Benzenethiol 

p-Toluenethiol 

1 -Naphtha lenethiol 

Toluene-3, 4-dithiol 

Dibenzothiophene 

Control 


weight Values (tig deposit) at 
Jet A Fuel 


24 hrs 

72 hrs 

168 h] 

57 

140 

241 

60 

165 

310 

75 

169 

331 

52 

129 

253 

63 

158 

263 

65 

163 

324 

49 

125 

231 

51 

135 

281 

68 

166 

298 

41 

109 

229 

57 

140 

257 

58 

147 

258 

40 

102 

198 

44 

128 

240 

54 

136 

258 

137 

245 

404 

141 

250 

419 

160 

297 

461 

92 

203 

368 

120 

243 

37 J 

124 

250 

441 

82 

174 

293 

85 

216 

393 

109 

223 

397 

88 

197 

314 

104 

200 

401 

108 

239 

401 

76 

164 

318 

79 

201 

324 

91 

295 

387 

119 

230 

351 

140 

239 

438 

143 

287 

453 

110 

214 

361 

114 

255 

369 

142 

263 

482 

65 

163 

295 

84 

171 

299 

88 

206 

372 
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B. Triplicate Sample Deposit Weight Values (wg deposit) at 
121*C and 10 iig sulfur/ml Jet A Fuel 


SpiXing Compound 

24 hrs 

72 hrs 

168 hrs 

Tetrahydrothiophene 

13 

29 

53 


14 

39 

62 


18 

43 

80 

n-Ethyl sulfide 

15 

34 

61 


15 

38 

74 


18 

45 

75 

n-Bvtyl sulfide 

13 

32 

73 

17 

41 

65 


18 

41 

66 

n-Pentyl sulfide 

12 

32 

42 


13 

36 

68 


20 

37 

76 

n-Butyl disulfide 

10 

27 

49 


14 

34 

51 


15 

35 

65 

n-Pentyl disulfide 

10 

23 

46 


13 

29 

47 


13 

35 

54 

Isopentyl disulfide 

9 

23 

32 


10 

24 

37 


14 

31 

57 

1-Propanethiol 

17 

47 

76 


23 

53 

90 


26 

59 

134 

l-Butanethiol 

17 

48 

73 


19 

4c 

106 


27 

60 

112 

1-Pentanethiol 

14 

39 

84 


22 

54 

97 

\ 

24 

57 

101 

Benzenethiol 

16 

37 

60 


17 

50 

79 


21 

51 

113 

Toluene-3, 4-dithiol 

15 

50 

95 


23 

58 

116 


31 

66 

119 

Dibenzothiophene 

19 

48 

91 


23 

56 

97 


24 

58 

124 

p-Toluenethiol 

15 

40 

67 


18 

45 

87 


24 

56 

107 
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Appendix Bi Continued 


1 -Naphthalene thiol 

17 

37 

67 


17 

42 

82 


20 

47 

85 

Control 

14 

35 

60 


17 

37 

67 


20 

48 

86 
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C. Triplicate Sample Deposit Weight Values (ug deposit) at 
130*C and 10 iig sulfur/ml Jet A Fuel 


Spiking Compound 

24 hrs 

72 hrs 

168 hrs 

n-Butyl sulfide 

29 

81 

151 


35 

84 

154 


41 

99 

211 

n -Pentyl sulfide 

27 

68 

135 


34 

82 

166 


35 

96 

176 

n-Butyl disulfide 

24 

62 

142 

34 

84 

150 


38 

91 

176 

n-Pentyl disulfide 

24 

64 

94 


27 

65 

145 


30 

78 

160 

Isopentyl disulfide 

25 

53 

99 


25 

64 

131 


28 

75 

139 

Benzenethiol 

38 

90 

188 


45 

117 

201 


49 

123 

253 

1-Pentanethiol 

39 

105 

189 


48 

125 

251 


57 

130 

259 

Dibenzothiophene 

41 

105 

219 


52 

126 

233 


57 

147 

277 

Toluene-3, 4-dithiol 

47 

112 

205 


49 

132 

265 


60 

143 

277 

Control 

31 

86 

171 


39 

103 

177 


47 

105 

225 


